We perform a survey of the X-ray properties of 41 objects from the WISE/SDSS selected Hyper-luminous (WISSH) quasars sample, which includes 86 broad-line quasars with bolometric luminosity L Bol > ∼ 2 × 10 47 erg s −1 shining at z ∼ 2-4. We use both proprietary and archival Chandra and XMM-Newton observations. Twenty-one quasars have sufficient quality data to perform a spectroscopic analysis, while for the remaining sources, X-ray properties are derived through hardness-ratio analysis (apart for six sources which result to be undetected). The bulk (∼ 70%) of the detected WISSH quasars exhibit N H < 5 × 10 22 cm −2 , in agreement with their optical Type 1 AGN classification. All but three quasars show unabsorbed 2-10 keV luminosities L 2−10 ≥ 10 45 erg s −1 . Thanks to their extreme radiative output across the Mid-IR-to-X-ray range, WISSH quasars therefore offer the opportunity to significantly extend and validate the existing relations involving L 2−10 . Specifically, we study the X-ray luminosity as a function of (i) X-ray-to-Optical (X/O) flux ratio, (ii) mid-IR luminosity (L MIR ), (iii) L Bol as well as (iv) α OX versus the 2500Å luminosity. We find that the WISSH quasars show (i) unreported very low X/O (< 0.1) compared to typical AGN values; (ii) L 2−10 /L MIR ratios significantly smaller than those derived for AGN with lower luminosity; (iii) a large X-ray bolometric correction k Bol,X ≈ 100-1000; and (iv) steep -2 > ∼ α OX > ∼ -1.7. These results lead to a scenario in which the X-ray emission of hyper-luminous quasars is relatively weaker compared to lower-luminosity AGN. Models predict that such an X-ray weakness can be relevant for the acceleration of powerful high-ionization emission line-driven winds, commonly detected in the UV spectra of WISSH quasars, which can in turn perturb the X-ray corona and weaken its emission. Accordingly, hyper-luminous quasars represent the ideal laboratory to study the link between the AGN energy output and wind acceleration. Additionally, WISSH quasars exhibit very large SMBH masses (log[M BH /M ] > ∼ 9.5). This enables a more robust modeling of the Γ-M BH relation by increasing the statistics at high masses. We derive a flatter Γ dependence than previously found over the broad range 5 < ∼ log(M BH /M ) < ∼ 11. Finally, we estimate that only 300 ks observation of X-IFU on board Athena will offer a detailed view of the properties of absorption features associated to powerful X-ray SMBH winds for a representative sample of WISSH quasars.
Introduction
X-ray observations have been demonstrated to be a key tool to probe the nature of the innermost region of active galactic nuclei (AGN). The power-law like spectrum of the X-ray continuum emission is interpreted as the result of Compton up-scattering of thermal UV photons produced from the optically-thick accretion disk surrounding the SMBH inside an optically-thin corona, with an electron temperature of kT e ∼ 50-100 keV (Haardt & Maraschi 1991; 1993; Haardt et al. 1994; Petrucci et al. 2000; Reis & Miller 2013) . This two-phase, disk-corona model has been supported by broad-band UV-to-X-rays and ultra-hard Xray observations (e.g., Zdziarski et al. 1996; Nandra et al. 2000; Petrucci et al. 2013) , although the exact geometry and size of the corona are still largely unconstrained. Furthermore, the X-ray radiation emitted by the corona impinging onto the underlying accretion disk and the circumnuclear gas produces the so-called reflection emission, whose bell shape peaked at ∼ 30 keV is the result of photo-electric absorption al low energies and CompArticle number, page 1 of 20 arXiv:1708.00452v1 [astro-ph.GA] 1 Aug 2017 A&A proofs: manuscript no. WISSHxray_ACCEPTED ton scattering at high energies (Ferland & Rees 1988; Matt et al. 1991) . The X-ray spectral continuum in AGN can be also modified by the presence of cold and warm absorbers, located at different distances (∼ 0.1 pc -100 pc) from the SMBH along our line of sight (Bianchi et al. 2012) . Absorption occurring in highly-ionized, high-velocity (∼ a few 10 4 km s −1 ) material very close to the accretion disk (∼ 100 gravitational radii) has been also revealed (Tombesi et al. 2015; King & Pounds 2015 and references therein) .
Thanks to their high X-ray fluxes, local Seyfert-like AGN (L Bol ∼ 10 44−45 erg s −1 ) and moderately-luminous quasars (L Bol ∼ 10 45−46 erg s −1 ) have been typically targeted by X-ray facilities, and our knowledge on the origin of the X-ray continuum and the physical and spectral properties of the X-ray emitting/absorbing regions in AGN have been basically derived by observations of these classes of sources (Reynolds 1997; Nandra et al. 1997; Piconcelli et al. 2005; Turner & Miller 2009 ). On the contrary, the properties of the X-ray emission and absorption in quasars at the tip of the luminosity scale (and hence, rare), which typically shine at z >2, have remained less investigated since they need time-consuming observations and because of their low number density.
A fundamental improvement in the study of the luminous (L Bol ∼ 10 46−47 erg s −1 ) and hyper-luminous (L Bol > 10 47 erg s −1 ) quasars in the ∼0.3-10 keV band have been provided by XMM-Newton and Chandra thanks to their high sensitivity and angular resolution. Both survey programs and targeted observations have been successful in providing unprecedented constraints on X-ray spectral and evolutionary properties of these powerful AGN, both unobscured and obscured ones (see Vignali et al. 2003; Page et al. 2004; La Franca et al. 2005; Just et al. 2007; Bianchi et al. 2007; Shemmer et al. 2008; Young et al. 2009; Reeves et al. 2009a; Vignali et al. 2010; Piconcelli et al. 2015) .
It has emerged that the slope of the X-ray continuum does not show strong dependence on redshift or luminosity (Nanni et al. 2017 and references therein) . On the contrary, it has been found that the intensity of the reflection features in the spectra of luminous quasars is weak compared to AGN at lower luminosities (e.g., Reeves & Turner 2000; Jiménez-Bailón et al. 2005; Bianchi et al. 2007; Zappacosta et al. 2017 submitted) . In addition, many studies report that the UV-to-X-ray spectral energy distribution (typically described by the relationship between the 2500 Å and 2 keV monochromatic luminosities, i.e. α OX ) depends primarily upon the UV luminosity (Avni & Tananbaum 1982; Vignali et al. 2003; Steffen et al. 2006; Lusso et al. 2010; Lusso & Risaliti 2016) , while the redshift dependence is weak. These results lend support to a scenario whereby the mechanism responsible for the primary continuum emission in AGN remains almost identical from z ≈ 0 to z ≈ 6, while the more the AGN luminosity increases, the less the energy in the X-ray band is emitted relative to that in the UV/optical range. More recently, some works have reported that the X-ray to mid-infrared (MIR) luminosity relation shows a different behavior from low to high MIR luminosity AGN. Specifically, the ratio between X-ray and MIR luminosity is smaller for MIR luminous (≥ 10 46 erg s −1 ) objects (Lanzuisi et al. 2009; Stern 2015) .
A comprehensive investigation of nuclear properties of hyper-luminous quasars is also important for our understanding of the outflows launching mechanism and, hence, AGNgalaxy self-regulated growth. Many models indicate that an intense radiation field can be able to accelerate winds out from the immediate vicinity of the AGN accretion disk (Murray et al. 1995; Proga 2005; King & Pounds 2003) via line-driving and radiation pressure. A low X-ray illumination of the outflowing gas is necessary to avoid the suppression of UV line driving by over-ionization, and explains the large blueshifts (> 2000 km s −1 ) of the CIV emission line observed in the most luminous quasars (i.e. the so-called "wind-dominated" quasar population, e.g. Richards et al. 2011) . Furthermore, the relation between AGN luminosity and wind terminal velocity observed for broad (FWHM ∼ 10 3 km s −1 ) absorption line (BAL) quasars can be indeed easily accounted for by a radiatively-driven outflow (Laor & Brandt 2002) . Brandt et al. (2000) found that the equivalent width of the CIV BALs anti-correlates with the α OX , indicating a strong link between powerful winds and soft X-ray weakness in quasars. It has been also reported that objects typically showing strong outflows (i.e. BAL quasars and AGN-dominated ultra-luminous IR galaxies, ULIRGs; Sturm et al. 2011; Cicone et al. 2014) are indeed X-ray weak compared to normal quasars (Imanishi & Terashima 2004; Sabra & Hamann 2001) . The Xray spectrum of BAL quasars and ULIRGs typically shows large obscuration and the X-ray absorbing medium has been considered the main cause for a reduced X-ray emission and very steep α OX values (e.g. Green & Mathur 1996; Mathur et al. 2000; Gallagher et al. 2002; Piconcelli et al. 2005) . The X-ray absorber can also shield the BAL clouds from the ionizing continuum (Kaastra et al. 2014) . Remarkably, even taking into account the measured X-ray absorption, a large fraction of BAL quasars still remain X-ray weak (Gibson et al. 2008; Luo et al. 2013) , i.e. they are unable to produce strong X-ray emission. The prototype of such a class of intrinsically weak quasar is Mrk 231 for which a recent NuSTAR observation has confirmed the intrinsic X-ray weakness (Teng et al. 2014) .
The latter is also a typical feature observed in the so-called weak emission line quasars (i.e. objects showing Lyα and CIV emission with an equivalent width EW ≤ 10 Å) and quasars with highly blueshifted (> 2000 km s −1 ) CIV emission lines (e.g., Wu et al. 2012) .
In this paper, we present the X-ray spectral properties of the WISE/SDSS selected hyper-luminous (WISSH) quasars sample and report on the correlations between the X-ray and multiwavelength (Optical, UV and MIR) properties. The WISSH quasars project consists of a multi-band (from millimeter wavelengths up to hard X-rays) investigation of 86 hyper-luminous (L Bol ≥ 2 × 10 47 erg s −1 ), broad-line quasars at z ∼ 1.8 − 4.8. This sample has been obtained by cross-correlating the WISE All-Sky source catalog (for 22µm flux density S ν (22µm) > 3 mJy) and the SDSS DR7 quasar catalog (for 1.5 < z < 5). We refer to Bischetti et al. (2017) for a detailed description of the WISSH quasar sample and the main goals of this multi-band project aimed at performing a systematic study of the nuclear, outflows and host galaxy properties of the most powerful quasars. This paper has been organized as follows. Details about X-ray observations of the sources in the WISSH sample, data reduction and source detection are presented in Sect. 2. In Sect. 3 we present the results of the X-ray data analysis and we discuss the X-ray properties of the WISSH sample. In Sect. 4 we report on the correlation of X-ray versus Optical and MIR properties, while in Sect. 5 results on X-ray bolometric corrections and relations involving SMBH mass and Eddington ratio have been outlined. In Sect. 6.1 we summarise our results and discuss the relative X-ray weakness of WISSH quasars compared to AGN at lower luminosities. We outline and conclude about possible future perspectives for the WISSH project with Athena X-ray observatory in Sect. 6.2.
A ΛCDM cosmology with Ω Λ = 0.73, Ω M = 0.27 and H 0 = 70 km s −1 is assumed throughout. Hereafter, errors correspond to 1σ while upper limits are reported at 90% confidence level, unless specified otherwise.
X-ray Observations

X-ray Coverage of the WISSH sample
The X-ray sample of WISSH quasars (X-WISSH, hereafter) consists of 41 objects observed with Chandra or XMM-Newton, corresponding to 48% of X-ray coverage for the WISSH sample. Table 1 provides information about sources in the X-WISSH sample and X-ray observations (34 observations by Chandra and 7 by XMM-Newton). All sources but J1328+5818 (XMMNewton Obs. ID. 0405690501) were the principal targets of the observations. We used 33 archival and 8 proprietary observations. The latter represent 20% of the sample (namely, J0209-0005, J0735+2659, J0801+5210, J1111+1336, J1513+0855 with Chandra ACIS-S and J0904+1309, J1549+1245, J2123-0050 with XMM-Newton). These sources are indicated with a cross in column 4 in Table 1 .
Data Reduction and Source Detection
Chandra data were reduced and analysed with the Chandra Interactive Analysis of Observations CIAO 4.7 package 1 with CALDB 4.7.0 by standard procedures following the CIAO Science Threads. For each source, we created an image in the 0.5-8 keV energy band from the event file by using the dmcopy tool. In order to extract source and background counts, we used a circular region centered on the SDSS source position, with radii between 2 and 6 . For the background regions, we usually considered an annulus centered on the source position with inner radius ranging from 2 to 7 and outer radius ≥ 30 . However, in some cases a circular aperture (radius ≥ 20 − 30 ) close to the source position was preferred in order to avoid contamination from nearby X-ray sources. Net counts were extracted using the dmextract task. Errors at 1σ confidence level were estimated either according to the Gaussian statistics for large number of counts (N 20) or according to the Gehrels approximation for lower number of counts (1σ = 1 + √ N + 0.75, Gehrels 1986). However, the corresponding lower limit (1σ = √ N − 0.25) is smaller, and dmextract adopts the larger error to be conservative. Using Poisson statistics, we then calculated the falsepositive probability in order to establish the robustness of the X-ray detection. We found that 6 sources (i.e., ∼ 15% of X-WISSH) resulted undetected, according to a probability threshold of 10 −5 . A 90% upper limit on count rate was assumed for these sources.
For the quasars observed with XMM-Newton, the data reduction was carried out with Science Analysis System SAS 2 software package, 14.0.0 version. The EPIC pn Observation Data Files (ODFs) have been processed with the epproc task in order to generate the event files. These files were filtered in order to remove flaring background periods. We applied the standard methods described in the SAS threads. Accordingly, we extracted lightcurves in the 10-12 keV range in order to exclude intervals contaminated by high-energy particles background. Good Time Interval (GTI) tables were then generated by setting rates less than 0.4 cts/s (RAT E ≤ 0.4). The cleaned event file was created for energies extending from 0.3 keV up to 10 keV. Counts were extracted by using a circular aperture with radii of ∼ 20 − 30 ( ∼ 70 − 100 ) for the source(background) region. Table 1 reports net counts in the 0.5-8.0 keV band with corresponding uncertainties.
Results of X-ray Analysis
Hardness Ratio Analysis
As a first step, we performed the Hardness Ratio (HR hereafter) analysis for all the detected sources, i.e. 35 objects, in order to make inferences about the basic X-ray emission properties of these quasars.
We created images in the soft (0.5-2 keV) and hard (2-8 keV) bands from each source event file and we extracted net counts with relative uncertainties in each band as in Sect. 2.2. The HR compares the number of counts obtained in two or more energy bands. We specifically used this definition of Hardness Ratio:
where H is the number of counts in the hard band and S is the number of counts in the soft band. A power law model with photon index Γ = 1.8 modified by intrinsic absorption with 5 × 10 21 ≤ N H ≤ 10 24 cm
was assumed to simulate the spectrum of our sources with WebPIMMS 3 . The lower value of N H = 5 × 10 21 cm −2 was set by the z > ∼ 2 of our sources, for which the photoelectric cut-off falls outside the energy range of our observations. Specifically, we used Chandra WebPIMMS 4 , provided by the Chandra Data Center, as it allows to specify the observation cycle for Chandra data, taking into account the decreasing quality of the ACIS detector caused by piled-up dust over time.
This analysis revealed that the majority of the sources (∼ 90% of the X-WISSH) have negative HR values, suggesting little absorption in the X-rays. Indeed, by comparing the HR values with the simulated absorbed power-law models, we were able to constrain the N H values and we found that the bulk of the objects are consistent with N H ≤ 5 × 10 22 cm −2 . In Table 2 we report the HR-based N H values except for the sources with best available data for which X-ray spectroscopic analysis was performed (see Sect. 3.2) . In case of a value of HR corresponding to a N H consistent within uncertainties with 5 × 10 21 cm −2 , we list the N H value as 90% upper limit. To estimate X-ray fluxes, we used WebPIMMS by assuming an absorbed power law with Γ = 1.8 and N H corresponding to the estimated HR value (see Table 2 ). For J1157+1337 and J1236+6554 which had upper limits on HR, we used 5 × 10 21 cm −2 to derive their fluxes and luminosities. Table 2 also lists the unabsorbed 2-10 keV luminosity (L 2−10 hereafter).
Finally, for the 6 undetected sources (see Sect. 2.2), we assumed a N H equal to the maximum value of the sample, i.e. N H = 4 × 10 23 cm −2 , in order to derive conservative values for X-ray fluxes and luminosities.
X-ray Spectroscopy
We performed X-ray spectroscopy for the 21 sources in the X-WISSH sample detected with ≥ 40 net counts. We created the redistribution matrix file (RMF) and auxiliary response file (ARF), using mkacisrmf and mkarf CIAO tools for Chandra sources 3 See https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/ w3pimms/w3pimms.pl 4 See http://cxc.harvard.edu/toolkit/pimms.jsp Table 1 . The X-ray WISSH sample and log of the X-ray observations. Columns give the following information:(1) SDSS ID, (2) redshift, (3) SDSS AB magnitudes in the i band, (4) X-ray observatory, (5) observation ID, (6) date of the X-ray observation, (7) net exposure time in ks, (8) net counts in the 0.5-8.0 keV band, (9) Galactic absorption by Kalberla et al. (2005) Hall et al. (2002) definition. The detailed analysis of the BAL properties of WISSH quasars will be presented in a forthcoming paper (Bruni et al. in prep.) . a : redshifts from the SDSS DR10 catalog. b : redshifts from LBT-LUCI near-IR spectroscopy (Vietri et al. in preparation) . † : Proprietary data observations. and rmfgen and arfgen SAS tools for XMM sources. We extracted the spectra with the same source and background regions used for the counts estimation (Sect. 2.2). In fitting the spectra using XSPEC v.12.8.2, we consistently applied the Cash statistics to all spectra (Cash 1979) , being more appropriate for low-count spectra. Accordingly, we rebinned the source plus background spectra in order to ensure that at least one count is included in each spectral bin. Spectra collected with Chandra(XMM-Newton) were fitted in the 0.3-8(0.3-10) keV band.
A first characterization of the continuum shape of these sources was obtained by fitting each spectrum with a simple model consisting of a power law plus Galactic absorption (denominated PL model hereafter). The majority of the sources exhibit photon index close to Γ ∼ 1.8 which is the typical value Article number, page 4 of 20 for a broad line quasar . However, eight sources show a flat photon index (Γ ≤ 1.5), likely due to the presence of intrinsic N H not accounted for in the PL model. We then fitted each spectrum by adding an extra absorption component to the PL model (named APL hereafter). We found that for 13 out of 21 sources, i.e. ∼ 60% of the X-ray spectral sample, the PL model provides a reasonable fit to the spectra, while the presence of an extra absorption component is required by the data for seven WISSH quasars. For two sources, namely J1333+1649 and J1421+4633, fitting with the APL model yielded an upper limit on N H and the resulting Γ remained quite flat (∼ 1.5) and, therefore, we fixed the photon index to the canonical AGN value of Γ = 1.8. From the spectral analysis, it emerged that the majority of the sources show little or no intrinsic absorption, with 14 out of 21 quasars exhibiting a value of N H < few 10 22 cm −2 . Finally, the N H values inferred from the spectral analysis are consistent with those based on HR.
More Complex Spectral Models
We will discuss here the peculiar case of J1250+2631, which showed additional spectral complexity with respect to PL and APL models.
The XMM-Newton spectrum of J1250+2631 showed an evident excess at high energies when fitted with a PL model. As the observed spectral range (0.3-10 keV) corresponds to a restframe energy range of ∼ 0.9-30 keV, we added a Compton reflection component to account for this excess, by using pexrav (Magdziarz & Zdziarski 1995) . A cut-off energy of E = 300 keV was fixed, metal abundances were set to solar values and inclination angle of the reflector cos(i)=0.45. Thus, we were able to fit both the reflected and intrinsic continuum X-ray emission, whose slope results to be quite steep (Γ = 2.35 +0.12 −0.10 ). This model provides the best description of the spectrum of J1250+2631 (see Fig. 1 ), with an associated Cstat/d.o.f. = 45/60, compared to the Cstat/d.o.f. = 69/61 derived by the PL model. For the same spectrum, Page et al. (2004) found Γ = 2.34 ± 0.04 and a reflection parameter R = 2.87 ± 0.96, which is consistent with our result, i.e. R = 3.6 +2.6 −1.6 . Lanzuisi et al. (2016) have recently published the analysis of a deep (∼ 100 ks) NuSTAR observation of J1250+2631 confirming the steep photon index and the presence of strong reflection in this source. They interpret the large R in terms of variability of the primary continuum, whereby the intense reflection component represents the light echo of a higher continuum level.
X-ray Properties of WISSH quasars: Absorption, Fluxes and Luminosities
The left panel of Figure 2 shows the distribution of the absorption column densities of X-ray detected WISSH quasars. Sources for which the PL model represents the best fit are included in the bin at N H < 5×10 21 cm −2 . In case of N H derived by HR analysis, we consider the values corresponding to the measured HR (i.e. the values in parentheses in Table 2 , column 3). More than half of the sample (i.e., 60%) exhibits a N H value < 10 22 cm −2 , i.e. they are unobscured in X-rays. About 23% of the sample is moderately obscured, with 10 22 cm −2 ≤ N H ≤ 10 23 cm −2 . Accordingly, the bulk (∼ 70%) of N H result to be < 5 × 10 22 cm −2 , in agreement with the broad line classification of WISSH quasars.
In the right panel of Fig. 2 we plot the N H derived by spectral analysis versus the dust reddening values for X-WISSH quasars. A V were calculated from the color excess E(B − V) through the relation A V = 3.1 × E(B − V). The color excesses were estimated by the SED fitting (Duras et al. 2017, in prep.) . The black square represents values of N H = 5 × 10 21 cm −2 and A V = 0 found for 8 sources. The blue solid line indicates the relation calculated by assuming a Galactic dust-to-gas standard value (Maiolino et al. 2001) . It is evident that WISSH quasars have low A V /N H ratios, being apparently in contrast with the postulate of the Unified Model which states that the dusty torus is the only responsible for the obscuration of both the X-ray and UV/optical nuclear radiation. Lower A V /N H values compared to the Galactic one are usually explained according to a scenario in which our line of sight does not intercept the torus but a dust-free X-ray absorbing gas, which is likely located within the dust sublimation radius (i.e., in the BLR, Bianchi et al. 2012) . As pointed out by Maiolino et al. (2001) , another possible explanation may be related to a different dust composition in the surrounding region of AGN. Specifically, larger grains cause less extinction than the grains in the diffuse Galactic medium.
X-WISSH quasars show hard X-ray (i.e., 2-10 keV) fluxes ranging from ∼ 7 × 10 −15 up to few 10 −13 erg cm −2 s −1 , with the bulk of them (more than 80%) exhibiting 10 −14 < F 2−10 < 10 −13 erg cm −2 s −1 . Concerning the unabsorbed hard X-ray luminosities, the majority of sources have 10 45 < L 2−10 < 10 46 erg s −1 (see Table 2 ). Fig. 3 shows the best-fit value of the photon index inferred from our spectra analysis as a function of the α OX spectral index. The α OX is defined as:
i.e., it represents the slope of a power law defined by the restframe monochromatic luminosities at 2500Å and 2 keV (Avni & Tananbaum 1982) . For the calculation of the α OX for the WISSH quasars (see Table 2 ) we used the rest-frame 2500Å monochromatic luminosities obtained by SED fitting (Duras et al. 2017, in prep.) . We find that the two sources with the steepest α OX also have the flattest X-ray continuum slope (i.e., X-ray faint compared to optical). However, the limited number of objects and the large uncertainties affecting some Γ values does not allow to draw any firm conclusion on a possible trend. Finally, our analysis of X-WISSH includes Chandra observations of six quasars previously analysed by Just et al. (2007) Article number, page 5 of 20 Table 2 ). The blue solid line represents the relation obtained by assuming a Galactic dust-to-gas ratio, i.e. A V = 10 (log N H −21.278) mag (Maiolino et al. 2001 ).
2.1 2.0 1.9 1.8 1.7 1.6 1.5 α OX Best fit values of the photon index Γ from the spectral analysis as a function of the α OX spectral index for X-WISSH quasars. Note that the sources for which the Γ has been fixed to 1.8 in the spectral analysis are not included (e.g. Table 2 ).
(i.e. J0735+2659, J0900+4215, J1014+4300, J1106+6400, J1236+6554 and J1621-0042). The X-ray luminosities and spectral properties we derive for these objects are consistent with their results. Furthermore, our re-analysis of the ∼ 37 ks Chandra observation of J1521+5202 confirms the results recently published by Luo et al. (2015) , which also found a slightly flat (Γ ∼ 1.5) continuum and an X-ray absorber with a N H ∼ 10 23 cm −2 .
X-ray versus Optical and MIR properties
The X-ray-to-Optical Flux Ratio (X/O)
The X-ray-to-Optical flux ratio (X/O hereafter) is commonly used to provide a basic classification for X-ray sources without optical identification (Fiore et al. 2003; Brandt & Hasinger 2005) . The bulk of AGN detected in the X-ray surveys exhibit 0.1 < X/O < 10, while sources with larger and smaller X/O are typically associated to obscured AGN and normal/star-forming galaxies, respectively. In the calculation of the X/O ratio for the X-WISSH quasars we used hard X-ray fluxes and i magnitudes (as done for the COSMOS survey, see Civano et al. 2012) , which are publicly available from the SDSS. The typical magnitudes of our objects range from 16 up to ∼ 18, with almost 50% of the sources showing 17 i 17.6, as listed in Table 1 . Given the redshift of X-WISSH quasars (2 < ∼ z < ∼ 4), the i band centered at ∼ 7600Å approximately covers the range from ∼ 2500Å to 1500Å. Values of X/O for X-WISSH quasars are reported in column 7 of Table 2 .
In the left panel of Figure 4 the X/O for X-WISSH quasars is shown as a function of L 2−10 . BAL quasars within our sample (see Table 1 ) are represented with green symbols and non-BAL WISSH with red symbols. Information about optical rest-frame spectral properties are also reported since 14 out of 41 X-WISSH sources, i.e. ∼ 35% of the sample, have available LBT/LUCI spectroscopy (Bischetti et al. 2017; Vietri et al. in prep.) In the right panel of Fig. 4 we compare the X/O derived for the X-WISSH quasars (red stars), to those of other AGN samples, i.e. sources in the the Chandra COSMOS (Civano et al. 2012 ) and 4Ms Chandra Deep Field South (CDFS) catalog (Xue et al. 2011) . The subsample of CDFS sources used here has been obtained by matching the CDFS 4Ms catalog by Xue et al. (2011) with the GOODS/MUSIC optical multiband catalog (Vanzella et al. 2008) . Only COSMOS and CDFS objects Table 2 . X-ray properties of the WISSH quasars. Columns give the following information:(1) SDSS name, (2) X-ray photon index, (3) absorption N H (in units of 10 22 cm −2 ), (4) 2-10 keV fluxes (in units of 10 −14 erg cm −2 s −1 ), (5) 2-10 keV unabsorbed luminosities (in units of Log[L/erg s −1 ]), (6) Hard X-ray fluxes and luminosities were derived by using the N H value from HR and Γ = 1.8 or from spectral analysis (models: PL = Power-law, APL = Absorbed Power-law), (7) X-ray-to-optical flux ratios (X/O) in units of 10 with L 2−10 > 3 × 10 42 erg s −1 have been considered, in order not to be contaminated by non-AGN sources. This sample of X-ray selected AGN consists of 1658 objects, out of which 296 are Type 1 AGN (blue triangles), 260 are Type 2 AGN (open circles) and the remaining ones (i.e., 1102) are unclassified AGN (black crosses). We also plot the X/O values for 23 optically selected quasars from the Palomar-Green (PG) Bright Quasar Survey of the complete sample by Laor et al. (1994) . It is evident from ray luminosities, reaching extreme values of L 2−10 ≈ 10 46 erg s −1 , and low level of X-ray absorption. Fiore et al. (2003) reported the existence of a correlation between X/O and X-ray luminosity for narrow line AGN. This trend can be also observed in Fig. 4 where type 2 AGN show increasing X/O values at increasing L 2−10 , although with a large scatter. A possible explanation for this is the largely reduced optical-UV light from these obscured objects which implies that their X/O approximately represents the ratio between the AGN hard X-ray flux (which is less affected by the absorption than the optical/ultraviolet one) and the host galaxy flux. Fig. 4 suggests the presence of a correlation between the X/O and L 2−10 for WISSH quasars. This is quite unexpected as no correlation between X/O and hard X-ray luminosity has been reported for broad-line AGN so far. However, this trend can be explained in terms of a selection bias due to the limited range of i magnitude of WISSH quasars, with a median value of i ∼ 17.1, as opposed to their X-ray luminosity, which ranges from a few 10 44 up to values larger than 10 46 erg s −1 .
The X-ray
While the X/O ratio is calculated by observed quantities (i.e., fluxes), the α OX is estimated by considering rest-frame, intrinsic properties, i.e., luminosities. In unobscured AGN, α OX provides a basic indication of the relative strength between the emission produced in the accretion disk (at 2500Å rest-frame) and the one emitted via Compton up-scattering in the hot corona (at 2 keV rest-frame), by connecting two spectral regions encompassing the energy range where the bulk of the AGN radiative output is generated. The existence of an anticorrelation between α OX and L 2500Å is now well-established (Vignali et al. 2003; Steffen et al. 2006; Lusso et al. 2010) indicating that the relative contribution of the X-ray emission to the total energy output decreases for increasing optical (and bolometric) luminosity. Fig.  4 . We have also included information on BAL objects, represented with green symbols. WISSH symbols are as in Fig. 4 . We also plot the linear relation found by L10 (dashed line) and the relation by Just et al. (2007) (dash-dotted line), as well as the linear relation we derived by fitting the values of the XMM-COSMOS, PG and X-WISSH samples together. The best-fit relation for α OX -L 2500Å , treating L 2500Å as the independent variable results to be:
where the errors on the slope and intercept indicate 1σ significance. The Spearman's rank test gives a rank coefficient of ρ s = −0.75, and the probability of deviation from a random distribution is d s ∼ 10 −20 , confirming a very robust anti-correlation between α OX and L 2500Å .
Finally, in the inset of corrected for X-ray absorption, the steeper α OX (typically associated to BAL quasars, marked in green) flatten to values broadly consistent with the L10 relation. A largely suppressed luminosity at 2 keV, and in turn a very steep α OX < −3 value, measured in our sources can be therefore ascribed to obscuration along our line of sight to the AGN.
The X-ray to MIR luminosity relation
WISSH quasars are among the most luminous AGN in the MIR, being selected to have z >1.5 and WISE 22µm flux density S ν (22µm) > 3 mJy (3σ). This allows us to explore and extend the correlations involving the MIR luminosity up to the highest values. The X-ray and MIR emission of AGN are believed to be strongly linked, since the former is due to accretion onto the SMBH while the latter is interpreted in terms of reprocessed nuclear light from the surrounding absorbing material. A correlation between these two quantities based on the analysis of samples of local Seyfert galaxies and X-ray selected AGN has been indeed found (e.g., Lutz et al. 2004; Mateos et al. 2015 and references therein). Furthermore, Fiore et al. (2009 ), Lanzuisi et al. (2009 discovered that quasars hosted in heavily dust obscured galaxies typically exhibit a lower L X /L MIR ratio than that reported for "standard AGN", suggesting a more complex scenario for the L X − L MIR relation in AGN.
As commonly adopted in recent works, we also use the 6 µm luminosity (λL 6µm ) as a proxy of the MIR luminosity, since emission due to AGN heated dust peaks around this wavelength. λL 6µm of WISSH quasars have been estimated by UVto-MIR SED fitting (Duras et al. 2017, in prep.) and span from ∼ 6 × 10 46 to ∼ 3 × 10 47 erg s −1 . Figure 6 shows L 2−10 as a function of λL 6µm for the X-WISSH sources and a large compilation of AGN samples selected according to different criteria in order to mitigate any possible bias and obtain a better sampling of the L 2−10 − λL 6µm plane. By including a total of 1749 AGN, we are able to explore the X-MIR luminosity relation in the ranges 42.5 < ∼ log (L 2−10 /erg s −1 ) < ∼ 46.5 and 43.5 < ∼ log (λL 6µm /erg s −1 ) < ∼ 48. More specifically, we include AGN from the Chandra COSMOS and CDFS surveys and the PG quasars (as in Fig. 4) , and a sample of 24 MIR luminous quasars (λL 6µm ≥ 6 × 10 44 erg s −1 ) at redshifts z ∼ 1 − 3, with X-ray luminosity derived by spectral analysis from Del Moro et al. (2016) (cyan pentagons). Finally, we also add the quantities for three hyper luminous quasars (namely ULASJ 1539+0557, ULASJ 2315+0143 and 2QZ0028-2830; indicated as violet asterisks), which show luminosities comparable to those measured for X-WISSH (see Appendix A). We also plot the L 2−10 − λL 6µm relations derived by four previous works, i.e. (i) the relation by Mateos et al. (2015) XMM-Newton Survey (including both broad and narrow line AGN with X-ray luminosities 10 42 < L 2−10 < 10 46 erg s −1 and redshifts 0.05 < z < 2.8); (ii) the relation reported in Lanzuisi et al. (2009) (black dashed line) by using MIR-selected, dustobscured (with MIR-to-optical flux ratio F 24µm /F R > 2000) luminous quasars at z ∼ 1 − 2 with L 2−10 ≥ 10 43 erg s −1 ; (iii) the polynomial relation derived by Stern (2015) (black dotted curve) based on ∼200 AGN with luminosities spanning from the local Seyfert regime to the hyper-luminous quasar one, which accounts for a progressive decrease of L 2−10 /λL 6µm by moving towards the highest luminosities; (iv) the bilinear function by Chen et al. (2017) (black dash-dot curve) which was recently derived by including more than ∼ 2500 type 1 AGN from four different X-ray surveys, i.e. Boötes, XMM-COSMOS, XRT-SDSS and XXL-North, covering L 2−10 in the range 10 41 -10 46 erg s
and λL 6µm up to 10 47 erg s −1 .
As expected, X-WISSH quasars are located far below the Mateos et al. relation and most of them are located even below the Lanzuisi et al. relation. Figure 6 points out the existence of a large scatter in the measurement of L 2−10 at a given λL 6µm , once AGN selected with different criteria have been taken into account. This suggests that using a universal L X − L MIR relation for evaluating the X-ray luminosity of a source can lead to a heavily over/understimated value. Still we reinforce previous results (e.g., Lanzuisi et al. 2009; Stern 2015; Chen et al. 2017) indicating that MIR luminous sources clearly offset from the L X − L MIR relation derived for local Seyfert/X-ray-selected AGN. This suggests that in AGN at the highest MIR luminosities, the relative contribution due to X-ray emission to the bolometric luminosity progressively decreases with respect to the MIR one (see Sect. 6 for a detailed discussion). We also attempt to interpret the observed trend in the L X − L MIR relation in terms of a luminositydependent covering factor (C f ) of the torus. We assume L MIR ∝ C f × L UV (≈ L Bol ) and the C f as a function of the luminosity at 5100Å derived by Maiolino et al. (2007) (see their Eq. 3 5 ) for a combined sample of high-z luminous quasars, local quasars and Seyfert galaxies (L 5100Å are estimated from L UV by using the bolometric corrections in Runnoe et al. 2012a) . Consistently, we derive L 2−10 from L UV according to Eq. (6) in Lusso et al. (2010) , assuming L 2−10 = 1.61 × L 2 keV (i.e. adopting Γ = 2). However, the resulting L X − L MIR is unable to reproduce the observed decrease in L X /L MIR at high luminosities, but instead shows an opposite trend. This suggests that the observed weakness of the X-ray emission relative to the MIR one in quasars cannot be interpreted to first order as due to a luminosity-dependent C f .
Alternatively, the observed L X − L MIR relation could be caused by the selection bias due to the inclusion of both X-ray and MIR selected sources (collected from different areas of the sky, i.e. from pencil-beam surveys to all-sky surveys), as well as a redshift bias, according to which the most luminous AGN have been preferentially collected at high z.
Given its importance for shedding light on the properties of accretion, reprocessing of the nuclear light and geometry of (2012) for type 1 AGN, while the gray shaded area indicates the 1σ dispersion on the relation. As in Fig. 6 , we report two values for the hard X-ray luminosity of J0045+1438 (i.e., the object with the lowest X-ray luminosity in the X-WISSH sample), connected by a gray line. We calculated the L 2−10 by using the best fit value of N H (i. the circumnuclear medium in AGN, the L X /L MIR ratio certainly deserves further and deeper investigation in the future. For instance, it would be very interesting to populate the right top corner of the L 2−10 − λL 6µm diagram, by selecting AGN at the highest X-ray luminosities. Indeed, the recent work by Chen et al. (2017) shows that the heterogeneous flux limits of the different X-ray surveys contribute significantly to the difference in the L X /L MIR ratio behaviour between low and high-luminosity AGN. The planned eROS IT A All-Sky X-ray survey (Merloni et al. 2012 ) will be therefore crucial to pick up a large sample of X-ray selected hyper-luminous quasars and provide unprecedented constraints on the behavior of the L X − L MIR relation at L 2−10 > 10 45 erg s −1 .
X-ray Bolometric Corrections and Eddington Ratios
Thanks to their spectacular luminosities, WISSH quasars offer the opportunity to investigate the X-ray bolometric correction (defined as k Bol,X = L Bol /L 2−10 ) up to the highest luminosity values (i.e. L 2−10 > ∼ 10 45 and L Bol > 10 47 erg s −1 ). Bolometric luminosities for X-WISSH quasars have been estimated by SED fitting (Duras et al. 2017, in prep.) and they span from L Bol ∼ 2 × 10 47 to > 10 48 erg s −1 . The left panel of Figure 7 shows the k Bol,X for the X-WISSH quasars as a function of L Bol , while in the right panel k Bol,X is plotted versus the 2-10 keV luminosity. Our sources (symbols as in Fig. 4 ) are compared to Type 1 AGN from the XMM-Newton-COSMOS survey (presented in Lusso et al. 2012 , L12 hereafter, indicated as open triangles), PG quasars (yellow squares) and the hyper-luminous quasars ULASJ 1539+0557, ULASJ 2315+0143 and 2QZ0028-2830, represented with violet asterisks (see Appendix A). As in the previous figures, BAL quasars are indicated by green symbols. The black solid line represents the k Bol,X − L Bol relation obtained by L12 for Type 1 objects in COSMOS. This curve also provides a good description for our hyper-luminous quasars (the scatter around the L12 relation is σ = 0.82 dex). Combining all the objects from these samples, the Spearman's rank correlation coefficient is ρ s = 0.7 (and d s < 10 −20 ), indicating a strong correlation between k Bol,X and L Bol . The ratio of the X-ray luminosity over the bolometric luminosity provides the relative contribution of the corona and accretion disk to the total radiation output from the AGN. Therefore, the positive trend observed between k Bol,X and L Bol lends support to the scenario whereby the corona radiative power becomes progressively weaker with respect to the optical/UV disk emission at increasing bolometric luminosities. The right panel of Fig. 7 reinforces our conclusions on the extreme nature of WISSH quasars which exhibit both exceptional X-ray luminosities and large bolometric corrections.
The multi-band coverage of WISSH allows us to derive the SMBH mass (M BH ) for each quasar. Accordingly, we are able to study the behaviour of k Bol,X as a function of M BH and Eddington ratio (λ EDD = L Bol /L EDD ). The SMBH mass for 14 out of 41 objects (∼ 35% of X-WISSH) are estimated from Hβ lines (Bischetti et al. 2017; Vietri et al. in prep.) , while the remaining ones are calculated from CIV lines (Weedman et al. 2012 ). In the left panel of Figure 8 we present the hard X-ray bolometric correction versus λ EDD ), while in the right panel k Bol,X is shown as a function of the M BH . Filled (open) stars represent WISSH quasars with Hβ (CIV)-based SMBH masses. The M BH for COS-MOS and PG quasars are computed using the width of the Hβ (or Mg II) emission line. Several authors claimed for a positive trend between k Bol,X and λ EDD (Vasudevan & Fabian 2007; Lusso et al. 2012) , even if affected by large scatter. For the sources considered here, the total scatter with respect to the L12 relation is σ = 0.43 dex, with a larger scatter observed at the highest values of k Bol,X and λ EDD . The Spearman's rank test gives a rank coefficient of ρ s = 0.56, and the probability of deviation from a random distribution is d s ∼ 10 −21 , confirming a likely and robust correlation between the two quantities. Additionally, by fitting M BH vs. k Bol,X , we found the following linear relation (see right panel of Fig. 8 ):
with a large scatter (σ 0.4 dex) and ρ s = 0.4. Furthermore, the probability value is very low (d s < 10 −10 ). These values mean that the existence of a correlation between M BH and k Bol,X is significantly likely. The inclusion of WISSH quasars suggests that the largest values of k Bol,X may be observed in objects at the massive end of the M BH distribution.
The WISSH survey offers the opportunity of sampling extreme values of L Bol , k Bol,X , M BH and λ EDD poorly sampled so far, i.e., 10 14 L , 10 2 , 10 10 M and 0.5, respectively, as highlighted by Fig. 9 which shows the distribution of λ EDD as a function of the SMBH mass for the AGN samples considered in Fig.  8 .
A clear difference in the distribution of the M BH is evident when comparing sources from X-WISSH to those from COS-MOS and PG survey, which can be considered as representative of the most studied class of broad-line AGN in X-rays. We performed a Kolmogorov-Smirnov (KS) test in order to understand if they are consistent with having been sampled from the same parent distribution and we derived a p-value < 10 −9 for both comparisons. Accordingly, WISSH sources truly represent an extreme class of AGN showing a M BH distribution centered around 10 10 M . When comparing log λ EDD of X-WISSH to COSMOS, the p-value (i.e. the probability that they belong to the same parent distribution) is ∼ 10 −6 , while this probability increases to ∼ 10% if the λ EDD of X-WISSH and PG quasars are considered. However, it is worth noting that the Hβ-based SMBH mass derived for randomly-selected WISSH quasars with optical rest-frame spectroscopy seems to be typically smaller than those estimated from the CIV emission line. Coatman et al. (2017) reported a similar trend by comparing Hα-based with CIV-based M BH , finding that CIV-based M BH can be overestimated by up to a factor of ∼5, especially in case of highly-blueshifted (v b > 1200 km s −1 ) CIV emission lines. The latter are detected in the majority of WISSH quasars (see Sect. 6; Vietri et al. in prep.) , suggesting that the real distribution of the λ EDD of WISSH quasars may be centered at much larger values. If we restrict the comparison to objects with more reliable Hβ-based masses, the probability that they belong to the same parent distribution decreases to 0.04%, which indicates that these two distributions are indeed different, thus confirming the extreme nature of WISSH sources.
X-ray photon index versus M BH and λ EDD
Previous works focusing on the relation between the photon index Γ and M BH found different behaviors. Specifically, Kelly et al. (2008) reported a strong monotonic decreasing trend for Hβ-based M BH of low-z AGN, while Jin et al. (2012a) claimed for the existence of two regimes, i.e. one decreasing up to log(M BH /M ) = 8, and another slightly increasing at larger masses. In order to further investigate this relation, we extended the range of M BH considered by Jin et al. (2012a) both at < ∼ 10 6 and > ∼ 10 9 by including the Miniutti et al. (2009b) and Ludlam et al. (2015) samples of intermediate mass SMBHs, and the WISSH quasars, respectively. Fig. 10 shows the photon index Γ as a function of M BH for these samples. Notice that we tried to be as less biased as possible by the soft excess contamination. Indeed, we considered the slope of the primary hard X-ray power law derived by a fit with an additional spectral component to account for soft excess (i.e. Table 3 in Miniutti et al. 2009b and Ludlam et al. 2015) or those derived from a fit limited to the 2-10 keV band (Table 3 in . Eddington ratios as a function of black hole masses. The distribution of the masses is on the top, while the distribution of Eddington ratios is shown on the right (Symbols as in Fig. 8 ).
z 6 , we adopted the photon index resulting from a power-law fit since the soft excess is outside the observed band. According to Fig. 10 , a slightly decreasing trend with M BH , possibly flattening at large values is visible. We have therefore fitted the data with both a (i) linear (χ 2 /dof = 341/93) and a (ii) broken power law ( χ 2 /dof = 304/91) relation finding the following best-fit parametrizations:
(ii) Γ = (−0.19 ± 0.04) log(M BH /M ) + (3.38 ± 0.28)
for log(M BH /M ) ≤ (8.01 ± 0.48);
for log(M BH /M ) > (8.01 ± 0.48).
6 In addition to WISSH quasars with Γ derived via X-ray spectroscopy, we have considered the 5 quasars at z > ∼ 1.5 listed in Table 2 in Kelly et al. (2008) , and the 5 quasars listed in Table 2 in Shemmer et al. (2008) .
It can be seen that our broken power-law relation implies flatter Γ than that derived by Jin et al. (2012a) over the entire 10 5 − 10 10 masses. This is likely due to the increased statistics at both extremes of M BH range, which led to a better sampling of the overall Γ distribution. Notice that unlike Jin et al. (2012a) we left the break in M BH free to vary. We find, however, that our measured break is consistent with that assumed by Jin et al. (2012a) . The much steeper relation reported by Kelly et al. (2008) can be explained in terms of the presence of an unfitted soft excess component in their power-law fit to the 0.3-7 keV spectra of low-z AGN. Our results suggest that the powerlaw slope depends weakly on M BH . The modest increase measured at small masses might be ascribed to an enhancement of the emission from the accretion disk leading to a stronger X-ray corona cooling, in case of highly-accreting sources. This effect is more noticeable in low-z, low-M BH sources (such as Narrow Emission line Seyfert galaxies, e.g. Kuraszkiewicz et al. 2000) by a stronger soft excess which manifests itself at progressively harder energies. However, in order to obtain more comprehensive and less biased view of the Γ-M BH relation two major improvements are at least necessary: (i) a significant increase of studied AGN with M BH 10 7 M to overcome the observed large scatter in Γ; (ii) a homogeneous spectral analysis with an accurate modeling of the soft excess component of X-ray data Article number, page 13 of 20 Bischetti et al. 2017, Vietri et al. in prep.) , while open stars indicate sources with a CIV-based SMBH mass (Weedman et al. 2012) . We also report data for other samples as follows: cyan diamonds indicate intermediate M BH AGN by Miniutti et al. 2009b and Ludlam et al. (2015) ; orange squares mark the AGN from Jin et al. (2012a) ; magenta triangles and blue circles represent high-z quasars from Kelly et al. (2008) and Shemmer et al. (2008) , respectively. The black dashed and solid line represent the linear (the gray shaded area indicates the combined uncertainties in slope and normalization) and broken power-law relations found in this work. The gray dashed line and the solid line mark the linear and broken power-law found by Jin et al. (2012a) and Kelly et al. (2008) , respectively. Errors on Γ are consistently reported at 90% c.l. for all the sources. Right Panel: binned Γ over the following log(M BH /M ) ranges: 5-7, 7-9 and 9-11.
2.0 1.5 1.0 0.5 0.0 0.5 1.0 1.5
Logλ EDD Fig. 11 . X-ray photon index as a function of λ EDD for the X-WISSH quasars with X-ray spectroscopy. Symbol as in Fig. 10 . The blue solid line represents the relation found by Shemmer et al. (2008) , while the blue dashed line represents the relation by Brightman et al. (2013) . Errors on Γ are consistently reported at 90% c.l. for all the sources.
in the widest possible energy range (i.e. by combining XMMNewton and Chandra with simultaneous NuSTAR observations). Fig. 11 shows Γ as a function of log λ EDD for the same sources of Fig. 10 . Shemmer et al. (2008) and Brightman et al. (2013) reported the existence of a correlation between these two quantities (shown in Fig. 11 as a blue solid and dashed line, respectively). The former is based on 10 highly luminous radioquiet AGN at z = 1.3 − 3.2 plus 25 less luminous PG quasars at z < 0.5, while the latter was obtained by including 69 X-ray selected, broad-line AGN up to z ∼ 2 in COSMOS and Extended CDFS, with 10 42.5 < L 2−10 < 10 45.5 erg s −1 . If on one hand the data appear to be broadly consistent with the reported correlations, on the other hand a large scatter is evident, especially for -1 ≤ log λ EDD ≤ 0. Furthermore, as expected, most of the steepest Γ are those from low-M BH sources and these may both drive the correlation at high λ EDD and contribute to the large scatter. Accordingly, before drawing a firm conclusion on the existence of a strong Γ-log λ EDD correlation, the same improvements required for the Γ-M BH should be taken in to account.
Conclusions and Future Work
6.1. Relative X-ray weakness of hyper-luminous quasars compared to less luminous AGN
We have investigated the X-ray properties of 41 sources from the sample of WISSH quasars, which includes among the most luminous AGN known. They exhibit L 2−10 ≈ 10 45−46 erg s −1 , i.e. well above the typical X-ray luminosity range of AGN extensively investigated in previous spectroscopic studies. Furthermore, the MIR selection enables us to extend and complete the study of the nuclear properties of hyper-luminous quasars, which have been mainly based on X-ray and/or optically selected AGN samples so far. As expected from their optical classification of broad-line objects, we found that most of them show a low level of X-ray absorption along the line of sight to the nucleus, with a fraction of ∼80% exhibiting intrinsic obscuration N H ≤ 5×10 22 cm −2 . We found that WISSH quasars allow to sample different range of the parameters space with respect to the bulk of the AGN population at lower luminosities when their X-ray output is compared to emission properties in other bands. The X/O colors derived for WISSH quasars are very low, i.e. 0.01 < X/O < 0.1, and cannot be ascribed to an obscured X-ray emission, since, as expected from their optical classification of broad-line objects, we found that most of them show a low level of X-ray absorption along the line of sight to the nucleus (see Sect. 3.3). The largest X/O values observed for less-luminous sources in the CDFS and COSMOS survey (0.1 < X/O < 10) can be partly explained by the X-ray selection. However, our results point out that luminous AGN can even reach X/O values as low as those so far reported for starforming and quiescent galaxies (e.g., Barger et al. 2003) . We also found that WISSH quasars follow the well-known α OX -L 2500Å anti-correlation (Vignali et al. 2003) by populating the bright end of the distribution with the steepest α OX (see Eq. 3 and Fig. 5 ).
The combination of variability and non-simultaneity of UV and X-ray observations contributes to the observed large scatter in this relation, however it is not the main cause of dispersion as results based on simultaneous data clearly indicate (see Vagnetti et al. 2010) . Steep α OX and, therefore, very low X/O clearly imply that, with respect to less-luminous AGN, the X-ray emission of hyper-luminous quasars is relatively weaker as compared to the optical/UV one. The results of our X-ray analysis therefore lend support to previous works that reported different SED for quasars with different luminosity. Krawczyk et al. (2013) analyzed the SEDs of 119,652 broad-line quasars detected in the SDSS with 0.064 < z < 5.46 and found that the mean SED of high-luminosity sources, relative to the SED of low-luminosity sources, is characterized by a softer (i.e. redder) far-UV spectral slope, a bluer optical continuum and a stronger hot dust emission peaking at 2-4 µm. Remarkably, the formation of radiation line driven winds from the accretion disk are favored in AGN with strong UV luminosity relative to the X-ray one (i.e. X-ray weak). The efficiency of the line driving mechanism in accelerating the wind is indeed largely enhanced by the abundance of UV photons, while the soft UV-to-X-ray ionizing continuum avoid the overionization of the gas in the disk atmosphere (Leighly 2004; Proga 2003, 2007 and references therein) . This scenario is particularly relevant for high-ionization lines which originate closer to the primary continuum source than low-ionization lines. It also provides an explanation for the larger blueshifts (v b ) of the CIV with respect to low-ionization emission lines such as MgII and Hβ found at higher luminosities in the "wind-dominated" quasar population (e.g. Richards et al. 2011; Marziani et al. 2016) , and the observed anti-correlation between v b and the EW of the CIV emission line (Korista et al. 1998; Krawczyk et al. 2013 ). This SED-based scenario for "wind-dominated" quasars rules out orientation as a major cause of these blueshifts. Such accretion disk winds have been also revealed in the majority of WISSH quasars with available restframe optical spectroscopy, showing v b up to ∼ 7000 km s −1 (Vietri et al. in prep.) . Fig. 12 shows the N H derived by our spectral X-ray analysis plotted versus v b . Gallagher et al. (2005) claimed that large v b (> 1100 km s −1 ) quasars exhibit X-ray absorption at levels of N H > 10 22 cm −2 , as expected in case of quasars observed at larger inclination angles, i.e. with a line of sight close to the accretion disk plane. However, we find that most of WISSH quasars with such large v b values have N H < ∼ 10 22 cm −2 , which is at odds with their claim that the detection of large blueshifts is due to an orientation effect.
Furthermore, a softer ionizing continuum scenario at larger luminosity explains the detection of CIV, NV and SiIV BALs in quasars, and two anti-correlations reported by Brandt et al. (2000) and Laor & Brandt (2002) between α OX and the EW of the CIV absorption line, and between luminosity and maximum outflow velocity of absorption, respectively.
Remarkably, Proga (2005) suggests that highly-accreting AGN can launch an UV radiation-driven accretion-disk wind being effective in weakening/destroying the X-ray corona and, therefore, quenching the X-ray emission. This explanation is very intriguing as it predicts different properties for the X-ray corona in powerful AGN which are linked to the simultaneous presence of nuclear outflows. In this sense, the extreme X-ray weakness of WISSH quasars exhibiting strongly blueshifted CIV emission lines (see Figs. 4 and 7) lends support to this scenario, although it is too early to draw robust conclusions due to the small number of sources. Hyper-luminous quasars thus represent the ideal laboratory to study the the coronal-quenching scenario and the link between the AGN energy output and wind acceleration, since they satisfy the ideal conditions to develop powerful radiation driven disk winds as found by Proga (2007) , i.e., extreme L Bol and very large M BH .
Alternative explanations for the intrinsic X-ray weakness relative to UV in AGN have been proposed. Specifically, the Xray under-luminosity could be due to a strong light bending effect which suppresses the X-ray continuum and produces a reflection-dominated X-ray spectrum (Schartel et al. 2010; Mini-utti et al. 2009a) , or a consequence of photon-trapping and advection into the SMBH of X-ray photons in case of high accretion rate regimes (e.g. Leighly et al. 2007 ). Furthermore, radiation magneto-hydrodynamic simulations presented by Jiang et al. (2014) suggest that, assuming a scenario with the X-ray corona heated via dissipation of turbulence driven by magnetorotational instability, X-ray weakness can occur when most of the energy liberated by accretion is dissipated in the disk due to a large surface density (and possibly associated to a very large accretion rate and luminosity). It might also be argued that the weakness observed in the 2-10 keV flux of our hyper-luminous quasars could partly be due to a Γ flatter than the canonical range of ∼1.8-2, which implies that the bulk of the X-ray radiation is emitted at energies larger than 10 keV. In this case, we should expect that sources with a flattest Γ would show the lowest X/O, offering a possible explanation for the X-ray weakness in terms of a flatness of the spectral index. However, Fig. 13 does not support this scenario and the Spearman's rank test results into a probability of deviation from a random distribution of d s = 0.34, indicating no significant correlation between X/O and Γ.
The observed displacement of luminous quasars from the L X − L MIR relation inferred for low-luminosity AGN (see Sect. 4.3 and Fig. 6 ) can be accounted for by the relative X-ray weakness progressively emerging in objects at the bright end of the AGN luminosity function compared to the slowly decreasing bolometric correction in the MIR (Treister et al. 2008; Runnoe et al. 2012b ). In addition to this effect, the low L 2−10 -to-λL 6µm ratios derived for WISSH quasars can be also caused by the strong AGN-heated, hot dust emission typically observed in the mean SED of hyper-luminous quasars (Krawczyk et al. 2013) . This leads to a luminosity-dependent L X − L MIR relation, although the observed large scatter in the L 2−10 -λL 6µm plane severely challenges the idea of the existence of an universal relation. Furthermore, an explanation in terms of a luminosity-dependent C f is not able to reproduce the observed trend at large L MIR .
The presence of a relatively weaker X-ray corona in hyperluminous quasars compared to typical AGN is further supported by the increasing k Bol,X with L Bol (see. Fig. 7 ). WISSH quasars typically exhibit k Bol,X > ∼ 100, which demonstrates a significantly reduced contribution of the X-ray emission to the radiation output produced by the accretion disk-corona system in the powerful quasar regime. A deeper investigation based on a large sample of luminous quasars with well-determined X-ray spectral information and M BH is also crucial to establish the possible dependence of k Bol,X on λ EDD and M BH , and, if a strong correlation is observed, to understand which is the dominant parameter among L Bol , λ EDD and M BH . This will also improve our understanding of the relation between Γ and M BH , for which we derived a double power-law behaviour flatter than previously found by other works (see Sect. 5.1). The WISSH quasar sample offers a unique data set to perform such a study as shown in Fig. 9. 
Future perspective with ATHENA
We discuss here the possible development in the study of the X-ray properties of WISSH quasars in the light of the upcoming ESA's next X-ray observatory Athena (Nandra et al. 2013 ). The marked improvement in sensitivity and spectral resolution which will be provided by the X-ray calorimeter X-IFU on board Athena will allow us to easily investigate the global X-ray properties of WISSH quasars with a modest amount of time.
We simulated a 0.2-10 keV X-IFU observation for a X-WISSH source with the lowest flux f 2−10 = 7×10 −15 erg s −1 cm −2
and with average redshift z = 3.4 (median for the whole WISSH sample), Γ = 1.8 and column density N H =8×10 21 cm −2 (median for the X-WISSH sample). With this baseline spectral model, Athena/X-IFU can easily gather more than 600 counts in only 15 ks observation. This can give constraints on Γ and N H at < 10% and ∼ 50% level (1σ error range), respectively.
Given the huge luminosity of the WISSH quasars, we expect them to be likely hosting widespread signs of outflows at all scales. Several theoretical models (King 2010; Faucher-Giguère & Quataert 2012; Zubovas & King 2012) propose that the kpcscale outflows routinely observed in the ionized, neutral and molecular phases are triggered by relativistic, X-ray winds originating in the nuclear regions, the so-called Ultra-Fast Outflows (UFO, Tombesi et al. 2010 ). Recent observations lend support to this scenario, suggesting an energy-conserving expansion for the large-scale outflows (Feruglio et al. 2015; Tombesi et al. 2015) .
Our WISSH sample is characterized by two distinct populations showing in UV and optical mildly ionized outflows in the nuclear region as large CIV blueshifts (≥ 2000 km s −1 ; Vietri et al. in prep.) and at larger galaxy-wide scales as massive [OIII] outflows ( 2000 M yr −1 ; Bischetti et al. 2017 ). We can envisage a program to follow-up these two categories and investigate the link between the UFOs and their outflow manifestations.
In order to simulate the spectral signatures from relativistic nuclear winds we used PHASE, a self-consistent photoionized absorber code (Krongold et al. 2003) . Under the assumption of ionization balance the code calculates the line opacity due to highly ionized metal transitions given (1) the equivalent hydrogen column density of ionized material (N i H ), (2) ioniza-tion parameter U 7 , (3) turbulent velocity (v turb ) and (4) covering factor ( f ) of the photoionized plasma.
We simulated a Athena/X-IFU 15 ks observation for a baseline model with flux f 2−10 = 3 × 10 −14 erg s −1 cm −2 . This is the lowest flux for the sub-sample of sources for which we detect optical and UV signatures from mildly ionized outflows. We modified this spectrum with PHASE assuming as physical parameters for the photoionized absorber those measured by Gofford et al. (2014) for the smallest detected feature (in their sequence 2013b) in the local WISSH analog PDS 456; i.e. one of the brightest z < 0.2 QSO (L Bol = 10 47 erg s −1 ), showing recurrent signatures of UFOs (Reeves et al. 2003 (Reeves et al. , 2009b . The parameters adopted are: N i H = 10 23.4 cm −2 ; logU = 2.3 (which roughly correspond to the estimated log[ξ/erg cm s −1 ] = 3.8 in PDS 456) and v turb = 5000 km s −1 (we assumed f = 1). To this model we added a narrow Fe Kα line with rest-frame equivalent width EW = 100 eV and intrinsic full width at half maximum of ∼ 2000 km s −1 (Shu et al. 2010) . Fig. 14 reports a simulated 15 ks X-IFU spectrum from an UFO with velocity 0.15c. The 0.2-10 keV collected counts are ∼ 2500. The solid line shows the best-fit with the UFO signatures imprinted in the spectrum. The dotted model indicates the same best-fit model but without the absorption/emission line components. Constraints for log U and log N i H are reported in the inset. On average both parameters can be measured with an accuracy of respectively ∼ 5% and ∼ 1% (90% c.l. for one interesting parameter). Such a level of accuracy is possible thanks to the presence of several highly ionized absorption lines arising in the 0.2-2 keV observed energy band (corresponding to restframe 0.7-8 keV) from elements from OVIII to FeXXV-XXVI. This is clearly seen in Fig. 14 . The most significant of these lines is the FeXXV at 6.7 keV which is detected at ∼ 10σ with an observed EW= 800 eV. The turbulent velocity of the UFO can be constrained with an accuracy of ∼ 20%.
The EW of the Fe Kα line can be constrained with an accuracy of 25% and its position can be recovered at levels of 100-150 km s −1 , therefore allowing to probe the kinematics of the reflecting material (i.e. rotation of the accretion disk, bulk motion of outflowing material) down to such levels. This is crucial to obtain X-ray based redshift estimates competing with low-dispersion optical spectrographs and probe the dynamics of the quasar innermost regions by comparing it with the conditions of more external and lower ionization medium. These constraints allow us to accurately probe UFO properties in a sample of 20 WISSH quasars comprising 10 objects for each of the two WISSH sub-populations with a relatively modest investment of exposure time (300 ks). We can thus investigate the link between SMBH winds and kpc-scale outflows at extreme luminosity regimes and at the golden epoch of AGN/galaxy coevolution (z ∼ 2-3). Thanks to the enormous leap in sensitivity of Athena compared to Chandra and XMM-Newton we can study the recurrency of these phenomena by probing their temporal variability on scales of few hours and start to investigate their (anti-)correlated variability with the enormous power radiated by the central engine as recently performed in a local less luminous AGN by Parker et al. (2017) . In this way we will further probe how the integrated energy output injected into the ISM would affect the subsequent baryon cycle evolution in their host galaxy.
7 U = Q/4πr 2 cn, where Q is the rate of hydrogen ionizing photons from a source at distance r, n is the hydrogen density and c is the speed of light. The alternative ionization parameter ξ is defined as ξ = L/nr 2 , where L is the isotropic luminosity ionizing source in the interval 13.6 eV to 13.6 keV.
